The generalization of the MSSM to the case of four chiral fermion generations (4GMSSM) can lead to significant changes in the phenomenology of the otherwise familiar Higgs sector. In most of the 3GMSSM parameter space, the lighter CP-even h is ∼ 115 − 125 GeV and mostly Standard Model-like while H, A, H ± are all relatively heavy. Furthermore, the ratio of Higgs vevs, tan β, is relatively unconstrained. In contrast to this, in the 4GMSSM, heavy fourth generation fermion loops drive the masses of h, H, H ± to large values while the CP-odd boson, A, can remain relatively light and tan β is restricted to the range 1/2 < ∼ tan β < ∼ 2 due to perturbativity requirements on Yukawa couplings. We explore this scenario in some detail, concentrating on the collider signatures of the light CP-odd Higgs at both the Tevatron and LHC. We find that while gg → A may lead to a potential signal in the τ + τ − channel at the LHC, A may first be observed in the γγ channel due to a highly loop-enhanced cross section that can be more than an order of magnitude greater than that of a SM Higgs for A masses of ∼ 115 − 120 and tan β < 1. We find that the CP-even states h, H are highly mixed and can have atypical branching fractions. Precision electroweak constraints, particularly for the light A parameter space region, are examined in detail.
Introduction and Background
Although the Standard Model (SM) provides an excellent starting point from which to understand almost all experimental data, it provides an incomplete picture of TeV scale physics as there are many questions it leaves unanswered. Four of the most troubling of these questions are (i) how is the hierarchy between the weak and Planck mass scales generated and stabilized, (ii) what is the nature of dark matter, (iii) what generates the observed matter, anti-matter asymmetry, and (iv) why are there three chiral fermion families? In order to address these issues, clearly some larger theoretical framework will be required.
Numerous theoretical scenarios have been suggested over the years to address these shortcomings of the SM, all of which have striking experimental signatures at the TeV scale [1] . Supersymmetry (SUSY), in the guise of the Minimal Supersymmetric Standard Model (MSSM) [2] , provides one of the best motivated (and most popular) frameworks in which to address both the hierarchy and dark matter problems and predicts a rich, testable phenomenology. The addition of a fourth family of chiral fermions remains attractive as a potential new source for the observed baryon asymmetry generated in the early universe [3] and as a way to address a number of potential issues in the heavy flavor sector [4] . Although the MSSM with 3 chiral families of fermions (the 3GMSSM) has been relatively well explored, the four generation MSSM has received relatively little attention except in the very recent literature [5, 6] where it has been found to have several interesting features. In particular, it has been noted [7] that the 4GMSSM with tan β near unity yields a strong first order phase transition.
In some ways, due to the totality of experimental constraints, the 4GMSSM parameter space is somewhat more restricted than the corresponding one of the 3GMSSM. Only relatively recently has it been realized [8] that a fourth chiral family of SM fermions remains allowed by the simultaneous requirements imposed by precision electroweak data [9] , theoretical constraints on Yukawa coupling perturbativity [6, 10] and the direct search limits for the ν ′ , l ′ leptons from LEP [11] as well as the b ′ , t ′ quarks from both the Tevatron [12] and now the LHC [13] . Given these multiple constraints, the parameter space of allowed particle masses, particularly for the b ′ , t ′ , is relatively restricted, and generally requires the b ′ , t ′ masses to lie in the 300-600 GeV range with mass splittings of order 50-100 GeV. A recent study of the 4GMSSM [6] , shows that the experimental lower bounds on the b ′ , t ′ masses constrains the value of tan β such that it cannot differ very much from unity due to perturbativity requirements [14] . Specifically tan β is required to lie in the range 1/2 < ∼ tan β < ∼ 2. One of the attractive features of the 4GMSSM is that the very large radiative corrections induced from loops involving the heavy fourth generation fermion masses allows one to push the lightest CP-even Higgs (h) mass far above the ∼ 130 GeV conventional 3GMSSM upper bound, thus simultaneously relieving both fine-tuning issues as well as the direct Higgs search constraints.
In this paper we will examine the properties of the 4GMSSM Higgs fields (such as 1 mass spectrum, couplings and decay modes) and will begin to explore the collider physics of this Higgs sector. In particular we note the very interesting possibility that while large radiative corrections necessarily drive the CP-even (h, H) and charged Higgs (H ± ) masses to large values > ∼ 350−400 GeV, the CP-odd field (A) can remain relatively light with a mass in the 100-300 GeV range. Thus A may be the lightest, and possibly, the first observable part of the Higgs sector of the 4GMSSM. Interestingly, such a light state easily avoids the usual LEP, Tevatron and LHC MSSM Higgs searches [15] since: (i) A, unlike h, does not couple to W W * or ZZ * , so that searches for, e.g., W + bb, l + l − +MET, or γγ+MET are trivially evaded, (ii) the sum of the h and A masses is forced to be rather large, > ∼ 400 − 500 GeV, so that associated production is absent or highly suppressed at colliders and (iii) since tan β is required to be close to unity in the 4GMSSM, constraints arising from searches for the A → τ + τ − final state are relatively easy to avoid. (iv) Furthermore, for low tan β and large H ± masses, constraints from both B → τ ν[16] as well as top quark decays [17] are also easily satisfied. The state A might, however, be observable in the A → γγ decay mode at either the Tevatron or LHC if it is sufficiently light, especially as the values for both branching fractions B(A → gg, γγ) can be significantly enhanced by the presence of the heavy fourth generation loop contributions. In addition, we find that the h and H bosons are highly mixed states and become non-SM-like with atypical values for their branching fractions into various final states.
The paper is organized as follows. In the next Section, we review the effects of the fourth generation on the radiative corrections for the MSSM Higgs sector and examine the resulting Higgs mass spectrum. We also perform a global fit of the 4GMSSM to the precision electroweak data by analyzing the oblique electroweak parameters S, T , and U and determine the allowed range of parameter space for the special case of a light pseudoscalar Higgs. We then study the collider phenomenology of the 4GMSSM Higgs sector, namely the Higgs production cross sections and branching ratios to various final states in Section 3. We compare these to present constraints from experiment and explore future detection prospects. In particular, we find that gg → A → γγ is a promising channel for early discovery. Finally, we present our conclusions in Section 4.
Radiative Corrections
We begin our analysis by reviewing the effect of the radiative corrections to the Higgs sector arising from the fourth generation in the 4GMSSM. As noted by Ref. [6] , since the fourth generation masses are so large, it suffices for our purposes to employ the one-loop, leading log effective potential approximation in performing these calculations [18] . In these computations, we must use as input the values of the b ′ , t ′ , ν ′ and l ′ masses as well as the values of both M A and tan β. In our analysis we take tan β to lie in the approximate range 1/2 < ∼ tan β < ∼ 2, as dictated by consistency with perturbative Yukawa couplings for fourth generation masses in the ∼ 300 GeV range. In the limit where we neglect sfermion mixing and set all SUSY sfermion masses to a common value of ∼ 1 TeV, only two further parameters must be specified: the common sfermion mass, m S , and a common colorless gaugino mass, m χ . Under these assumptions, we find that our conclusions are not much impacted by variations in these two parameters as our results are only logarithmically dependent on m S , and the gaugino can potentially make only a rather small contribution to the rates for loop decays to the γγ final state for large masses. We note that the values of these input parameters must be chosen so as to satisfy all of the existing bounds from direct searches, precision electroweak data and the requirements of perturbative Yukawa couplings. The results presented below can, of course, be easily generalized to allow for both sfermion mixing as well as non-degenerate sparticle masses, but this will only modify the results we obtain in detail and not in any qualitative way.
To calculate the radiative corrections to the Higgs mass spectrum due to the addition of fourth generation fermions and their superpartners, we closely follow the work of Barger et al. in Ref. [19] . We stress that in performing these calculations both M A and tan β are to be treated as input parameters along with the masses of the fourth generation fermions and all the superpartners. In the general case, the masses associated with the CP-even Higgs fields are obtained by diagonalizing the matrix
where the ∆ ij are given by
m i are the physical sfermion masses, and the mixing parameters, C u and C d , as well as the loop parameter g f , are defined as
In writing these expressions, we have assumed that there is no mixing between the fourth generation fermions or sfermions with their counterparts in the other three generations. In particular, we specialize further to the case where the fourth generation squark/slepton mass eigenstates are the same as their interaction eigenstates, corresponding to µ = 0 and A t ′ ,b ′ ,ν ′ ,e ′ = 0, wherein the mass matrix simplifies considerably. In our numerical results, we assume that all of the sfermions are degenerate with a mass of m S = 1 TeV. From these general expressions, we can obtain not only the contributions from the fourth generation, but also those from the usual top and bottom quarks.
For the corresponding charged Higgs sector, we must diagonalize the analogous matrix
where
with the function f being given by f (m 2 ) = 2m
. Removing the Goldstone field G ± leaves us with the desired mass (squared) of the charged Higgs field. As in the case of the neutral CP-even Higgs fields above, it is trivial to include the contributions from the ordinary third generation.
The primary results of this analysis are the masses of the h, H and H ± fields as functions of the input parameters. Figure 1 shows a representative sample mass spectrum for these particles as a function of tan β for three different values of M A (115, 300, and 500 GeV) and taking m t ′ = 400 GeV, m b ′ = 350 GeV and m ℓ ′ ,ν ′ = 300 GeV. As can be seen in the formulae given above, the CP-even Higgs masses are expected to grow approximately quadratically with the fourth generation mass scale (with the other parameters being held fixed). This expectation was verified explicitly in [6] where the sensitivity to variations in the fourth generation fermion masses was examined and we obtain similar results here. In this Figure, we observe that (i) the mass of h is not particularly sensitive to the value of either M A or tan β and is primarily driven only by the masses of the fourth generation particles.
(ii) The values of M H are found to be sensitive to both of the input parameters. (iii) On the other hand, M ± H , while not particularly sensitive to the value of tan β, does vary with M A . For these choices of fourth generation masses we see that the CP-even states h and H are quite heavy and thus it is easy for A to be the lightest member of the Higgs spectrum and so it, perhaps, might be most easily observed at the Tevatron or LHC. Note that in all cases the H ± boson is too heavy to play much of a role in flavor physics, particularly since tan β is always near unity.
As the 4GMSSM includes many new electroweak states beyond those of the SM, one must carefully consider the effect that these states will have on the precise measurements of the electroweak interactions that are seen to be consistent with the SM (with a light SM Higgs, m h ∼ 100 GeV). 4GMSSM scenarios with a light A boson (i.e., M A < 300 GeV) and/or tan β < 1 have not been previously considered so it behooves us to re-examine these cases. Here we focus on oblique corrections to the S, T and U parameters [20] from the 4GMSSM with M A = 115 GeV and 0.6 < tanβ < 1.8; a broader and more detailed investigation of such corrections in the context of the 4GMSSM has been presented in [6] .
We compute the fourth generation fermion and Higgs sector contributions to the S , T and U parameters following the formulae in [21] . We neglect sfermion contributions as we assume all sfermions are heavy and degenerate, having M SUSY ∼ 1 TeV, and hence their contributions are negligible. Fermion and Higgs contributions to the U parameter, while nonzero, are also negligibly small in the parameter space considered here. The contributions due to the fermions alone were found to be numerically consistent with the results [8] .
Constraints on new corrections to the S , T and U parameters are experimentally determined to be [22] ∆S = S − S SM = −0.08 ± 0.10 ∆T = T − T SM = 0.09 ± 0.11 ∆U = U − U SM = 0.01 ± 0.10,
where the values above correspond to subtracting SM contributions which are calculated at the reference scale ‡ m h,ref = 300 GeV. The corrections ∆S, ∆T and ∆U come purely from new physics, i .e., the SM contributions (with m h = 300 GeV) to ∆S, ∆T and ∆U are zero, in reasonable agreement with the above experimental ranges. We determine a ∆χ 2 value for points in 4GMSSM space, following [6] ,
where the ∆ X i are the central values ∆S, ∆T and ∆U of Eqn. (6), the ∆X i are the fourth generation fermion and Higgs contributions to ∆S, ∆T and ∆U from the particular 4GMSSM model and σ ij = σ i ρ ij σ j is the covariance matrix built from the errors σ i in Eqn. (6) 
Fits with ∆χ 2 > 7.815 would then be excluded at 95% confidence by precision electroweak measurements.
In Figure 2 we display points in the (m t ′ − m b ′ ) vs. (m ν ′ − m e ′ ) plane that are allowed by precision electroweak measurements and consistent with unitarity (for m t ′ = 400 GeV and m e ′ = 300 GeV, this means m b ′ < 525 GeV and m ν ′ < 750 GeV [6] ). We observe that for tanβ ∼ 1, there is a relatively tuned set of fourth generation doublet splittings that are consistent with precision constraints, while, for somewhat larger and smaller values of tanβ, small splittings (or even degenerate doublets) are required for the 4GMSSM to be consistent with the precision electroweak data.
Note that since the t ′ and ℓ ′ masses as well as M A are being held constant in these figures, the variation with tan β arises from only two unique sources: the changes in the Higgs couplings to the fermions and gauge bosons described above and the corresponding changes in the various Higgs boson mass splittings entering the loop functions. Since the mass splitting between the Higgs fields is greatest at the two ends of the allowed tan β range, we see that in such cases the allowed region in the fourth generation mass splitting plane then reduces to a solid ellipse. Furthermore, when these mass splittings are minimized for tan β ≃ 1 −1.2 we see that the allowed arc-shaped region in this plane has its maximal radial extent. ‡ We note that while m h can vary between approximately 360-500 GeV as the 4GMSSM parameter space is varied, we observe that the use of data values centered around the reference point m h,ref =300 GeV does not lead to any significant shift in the allowed regions displayed in the figure below. 
Collider Phenomenology
We next examine the collider phenomenology of the 4GMSSM Higgs sector, paying particular attention to the region of parameter space that results in different signatures from the three generation case. Throughout this section we shall assume m t ′ = 400 GeV, m b ′ = 350 GeV, m ℓ ′ ,ν ′ = 300 GeV and m S = 1 TeV in presenting our results. We find that varying the fourth generation fermion masses within their allowed ranges does not qualitatively modify our conclusions.
Our first step is to determine the various coupling coefficients for the h, H bosons to the u, d-type fermions and SM gauge bosons as functions of tan β and M A for our fixed values of the other input parameters. The corresponding couplings of the pseudoscalar A boson to the fermions are simply given by tan β and its inverse, and V V A-type couplings are absent. The form of these couplings follow directly from the equations describing the radiative corrections to the Higgs sector in the previous section with the diagonalization of the CP-even Higgs mass matrix then determining the mixing angle α. Figure. 3 shows these various couplings as functions of tan β for three different values of M A . These couplings display a strong tan β dependence in the range of interest, while showing only a somewhat mild dependence on M A except for an overall broadening of the peak observed in the center of the figures near tan β ∼ 1.2 as the value of M A is increased. Interestingly, we find that for a substantial fraction of the range of tan β, the CP-even Higgs fields have significant mixing so that neither h nor H are SM-like. This is in contrast to the usual scenario in the 3GMSSM. Note that generally h(H) has stronger(weaker) couplings to uū-type quarks than does the SM Higgs while the reverse is found to be true for the corresponding dd-type couplings. Also note that it is possible for both h and H to simultaneously have substantially large couplings to the SM W, Z bosons.
Once the couplings of the various Higgs states are determined, we can calculate their respective branching fractions. Here, we first pay special attention to the CP-odd field A since it may be the lightest of the Higgs states. Figure 4 shows these branching fractions as a function of M A for three different values of tan β taking the fourth generation masses as above. Note that the channel A → gg is greatly enhanced for M A < 2m t , and is the dominant decay mode for tan β < 1. The γγ partial width is also found to be enhanced by up to a factor of two over that of the SM Higgs, but this increase is found to wash out in the branching fraction. Together, this can lead to large signal rates for gg → A → γγ as will be discussed below. Note that the size of the b, c, τ branching fractions are particularly sensitive to the value of tan β. For larger values of M A , the τ + τ − and γγ channels are roughly comparable.
Turning to the CP-even Higgs bosons, Fig. 5 shows the relevant branching fractions. Here, we have assumed for simplicity that decays to pairs of fourth generation fermions are not kinematically allowed.
§ As expected, h and H decays to V V (with V being either the § Decays to fourth generation fermions are not kinematically allowed for the lightest Higgs boson h. SM W or Z boson) can dominate over most of the parameter space. In the case of h, the tt mode is of comparable importance. For tan β ∼ 1.2, as can be seen from Fig. 3 , h becomes more SM-like and, hence, H nearly decouples from V V in this region. This is reflected in the dip in the H → V V branching fractions near this particular tan β value. Similarly, since the Huū coupling is usually suppressed relative to the corresponding SM value (except again near tan β ∼ 1.2), the H → tt decay is generally found to be sub-dominant. h, H branching fractions to both bb and τ + τ − are seen to be rather small throughout this tan β interval while the gg branching fraction remains relatively large, being in the 10 −3 to few ×10 −2 range. A very important mode in almost all cases (except where it is suppressed by phase space) is h, H → AZ. The reason for this large branching fraction is the relative enhancement in the effective (h, H)AZ coupling by a factor of ∼ (M h,H − M A )/M Z as can be seen from taking the Z Goldstone boson limit. In particular, when A is light we see that the mass splitting in the numerator can be quite large (∼ 500 − 800 GeV) relative to M Z .
For our choice of parameters, the decays of the charged Higgs bosons are more straightforwardly understood than those of the corresponding neutral Higgs. Clearly, if M H ± is in excess of any appropriate pair of fourth generation masses, then these decay modes will dominate, while below this threshold decays to tb will be found to dominate. The corresponding partial decay rates to other fermionic final states will be highly suppressed. A possibly competing decay mode is H ± → (h, H, A)W ± provided phase space is available since it too is somewhat enhanced by the same mechanism discussed above in the case of (h, H) → AZ decay although the mass splittings among the h, H and H ± are not always large.
Since A is possibly the lightest member of the Higgs spectrum, we first discuss its production signatures at the Tevatron and LHC. Since the A → gg partial width is generally large, tan β is close to unity and the V V A coupling is absent, the gg → A process is the most important one for A production at hadron colliders. These ggA couplings are sufficiently loop-enhanced that one may worry about gg → A → gg being seen above the dijet background at hadron colliders. Existing searches at the LHC [23] , [24] are only constraining for values of M A beyond our region of interest while those from the Tevatron [25] , [26] and at lower energies [27] are found to be rather weak.
For tan β > ∼ 1, we see from Fig. 4 that the A → τ τ process is a relatively important mode but is still subdominant in comparison to both gg and bb. However, the latter two channels are swamped by QCD backgrounds. The production cross section for the subprocess gg → A → τ + τ − is shown in Fig. 6 for √ s = 7 TeV using the CTEQ6.6M parton distribution functions [28] ¶ . For light A and tan β > ∼ 1 the resulting cross section is found to be not too far below the (somewhat model-dependent [29] ) upper bound recently placed by CMS [30] as can be seen in Fig. 6 . However, we note that for smaller values of tan β the gg → A → τ cross section is found to be rather small.
Perhaps the cleanest mode for the observation of a light A boson is in the γγ final state; the 7 TeV LHC cross section is shown in Fig. 7 in comparison to the bound obtained by ATLAS [31] . We also show in the lower panels the corresponding expectations for the Tevatron along with the constraints obtained by both CDF[32] and D0 [33] . For this cross section, at either the Tevatron or the LHC, we see a significant enhancement for tan β < ∼ 1. Note that the results shown in this and the previous Figure have assumed a constant NNLO K-factor of ≃ 2, with the LO cross section renormalized to that for NNLO A, h production for light A, h masses employing the results in Ref. [34] . In this approximation our results will give very reasonable overall estimates of the gg → A, h, H cross sections. In this Figure we see that that ratio of cross sections for gg → A → γγ in comparison to that for the corresponding conventional SM Higgs process can be as large as an order of magnitude at lower Higgs masses at hadron colliders. For example at the LHC, taking M A =115 GeV and tan β ∼ 0.7 results in a factor ∼ 30 times larger cross section via the A in this mode than for a SM Higgs boson of the same mass. Thus for light A bosons in the range ∼ 100 − 150 GeV the γγ decay mode may provide the earliest observable collider signature. Tables 1 and 2 show the expected gg fusion total cross sections for h, H production obtained by appropriately rescaling the NNLO results found in Ref. [34] for some sample values of M A and tan β. While H production in this channel is relatively weak due to the larger masses and the reduced effective ggH couplings, h on the other hand is seen to have a substantial cross section with a correspondingly respectable branching fraction into both W + W − and ZZ. For some ranges of these parameters these final states have cross sections that are not very far below the present bounds obtained from the 2010 run of the LHC [35, 36] . 
Summary and Conclusions
In this paper we have examined the properties of the Higgs fields in the 4GMSSM with an eye toward their production signatures at the Tevatron and the LHC. The couplings and corresponding branching fractions for these various fields were examined in detail. In particular we have noted the strong possibility that the CP-odd field A may be the lightest member of the Higgs spectrum as well as the possibility that the region tan β < ∼ 1 is now physically allowed. We further verified that such a light A scenario is consistent with the usual constraints imposed by the electroweak data on the oblique parameters for the entire range of perturbatively allowed values of tan β. As such, the CP-odd state, A, may be the first part of the 4GMSSM Higgs spectrum to be discovered at hadron colliders. We find that while gg → A may soon lead to a potential signal in the τ + τ − channel at the LHC, A is more likely to be first observed in the γγ mode due to its highly fourth generation loop-enhanced cross section which can be more than an order of magnitude larger than that of the SM Higgs for a mass of ∼ 115 − 120 GeV provided that tan β < ∼ 1. If such a scenario is correct new signals should soon be observable at the LHC.
